Abstract: Determination of the optimum collector tilt angles for low latitudes is the main subject of this paper. The monthly, seasonal and yearly average daily values of insolation were calculated for tilt angles ranging from 0-40 o . Microsoft Excel was used to fit equations on monthly, seasonal and yearly average daily insolation with respect to tilt angles. The calculus method of optimization was employed to establish the optimum tilt angle for low latitudes, 4. 86-13.02 o N, spanning the territory of Nigeria. Expressions for the optimum tilt angles with respect to the low latitudes were also obtained. The results obtained compare favourable with those in literature and are useful for designing solar equipment in the range of the low latitudes considered in this study.
INTRODUCTION
The intensity of extraterrestrial solar radiation on earth's horizontal and tilted surfaces is reduced by clouds, dusts and shades. Thus, the insolation reaching the earth's surface which is made up of the beam (or direct), diffuse (or scatter) and ground reflected radiations, depends on the cloudiness or clearness of the sky, which in turn depends on the season of the year [1] [2] [3] [4] [5] . However, harnessing the insolation to optimum level is of primary interest to solar design engineers in designing solar equipment.
Several factors affect the performance of the flat plate solar collectors: the angle of latitude, the declination angle, the slope angle, the sunrise or sunset hour angle and the azimuth angle [6] . However, the angle of latitude, the declination angle, the sunrise or sunset angle and the sunrise or sunset hour are controlled by nature whereas man controls the tilt and azimuth angles [7] [8] [9] . It has been established that the optimum performance of flat-plate solar collector occurs at azimuth angle of zero for south facing flat-plate solar collector [1] . Proper determination of tilt angle is essential in order to maximize: the insolation on the absorber plate, the working fluid temperature, and the collector and thermal efficiencies of solar equipment [10] . Solar trackers have been developed for tracking the solar path and adjusting the collector tilt angle accordingly for the purpose of maximizing solar energy from the sun. Although, tracking is the most efficient means of solar radiation energy collection, it is costly, energy demanding for its operation and does not suit all solar equipment [11] . Thus, emphasis is laid on the collector optimal tilt angle to achieve maximum insolation on tilted surfaces. This collector tilt angle may be permanently fixed, or adjusted monthly or seasonally [12] .
*Address correspondence to this author at the Department of Mechanical Engineering University of Port Harcourt, PMB 5323, Port Harcourt, Nigeria; Tel: +234 8035536916; E-mail: chika.oko@uniport.edu.ng Several propositions for the optimum tilt angle exist in the literature. For example, Wenger and Oliveira [13] proposed that the optimum tilt angle should commensurate with the latitude of the location; Fagbenle [14] proposed that for latitudes below 8.5 o , the optimum tilt angle should be the latitude plus 10 o , otherwise, the latitude plus 5 o ; Qiu and Riffat [15] proposed that the optimum tilt angle should be the latitude plus 10 o . It is therefore necessary to find out which tilt angles are the optimal for the low latitudes of Nigeria, 4.86 -13.02
This paper, therefore, aims to establish the true optimum tilt angle for the low latitudes of Nigeria, 4.86 -13.02 [ o N], which maximizes the insolation on a tilted surface, and to provide expressions for predicting monthly, seasonal and yearly optimum tilt angles for the range of latitude considered.
THE GOVERNING EQUATIONS
The relevant equations are as follows [1, 6] 
The declination (i.e. the angular position of the earth-sun at solar noon with respect to the plane of equator), , is given as = 23.45sin 360 284 + n 365 (1) where n is number of days starting from 1st January to the given date.
The tilt angle (i.e. the angle between the horizontal and the tilted surface), s, is given by Wenger and Oliveira [13] and Fagbenle [14] , respectively, as (4) where sc I , is the solar constant.
The hourly cloudiness index, K T , is given as
where a and b are the cloudiness constants whose values depend on the locality; n/N is the relative sunshine; and N = 365 days.
The monthly average daily total global insolation on a horizontal surface, H , is given as
The monthly average daily diffused insolation on the horizontal surface, H d , according to Liu and Jordan [16] 
The monthly average daily solar beam contribution to the global insolation on a horizontal surface, H b , is
The overall correction factor, R, is
where gr is the effective ground reflectance and R b is the ratio of the beam insolation on tilted surface to that on horizontal surface and is given as
cos cos cos + sin sin (10) s and are the tilt angle and hour angle, respectively; and R d is the ratio of the diffuse insolation on a tilted surface to that on a horizontal surface and is given as
and R r is the radiative configuration factor from the ground and surroundings to the tilted surface:
The monthly average daily global insolation on tilted surface, H T , is H T = H R (13) The insolation reaching the absorber plate, q s, is given as q s = H T c (14) where c and are the transmittance and absorptance, respectively, and their product is given as are the refractive index of the cover plate, the extinction coefficient for the cover glass and the thickness of glass cover, respectively.
THE OPTIMUM TILT ANGLE
The data for the insolation reaching the absorber plate, q s , is expressed as a quadratic function of the tilt angle, s, so that its optimum value q s * is obtained at the stationary point: 
RESULTS AND DISCUSSION
The following input parameters are specified:
i. The solar constant,
ii. The hour angles, , are tabulated in Table 1 .
iii. The azimuth angle, = 0 for south facing flat plate collectors.
iv. Number of days (n) starting from 1st January to 15th February, n = 45 days.
v. The values for cloudiness constants, a and b, and the relative sunshine, n/N, for the latitudes considered here are given by Fagbenle [14] .
vi. The ground reflectance, gr = 0.2, according to Liu and Jordan [16] .
vii. The refractive index of the cover plate, r = 1.52 for glass.
viii. The absorptance of the absorber, = 0.95 for smooth aluminium.
ix. The thickness of the cover glass, c = 0.004 [m] .
x. The extinction coefficient for the cover glass, k c = 20 These input data were used to compute the monthly, seasonal and yearly average daily insolation on a tilted surface, Equation (14) , for latitudes ranging from 4.858 to 13.017 o N. Figs. (1, 3 and 5) show the monthly, seasonal and yearly dependence of the insolation reaching the tilted surface for Port Harcourt, the least latitude; and Figs. (2, 4 and 6) show the monthly, seasonal and yearly dependence of the insolation reaching the tilted surface for Sokoto, the highest latitude. It is seen from these plots that the insolation increases from tilt angle of zero to the latitude plus or minus 2 o , and then decreases with further increase in the tilt angle. Fig. (7) , the monthly optimum insolation, for the cities considered, shows that the solar insolation in June, July and August is at its lowest value. Thus, these months will not favour collection of solar energy because of poor climatic conditions (low relative sunshine). Therefore, solar drying of agricultural products will not be favoured in this period of the year because it is the peak of the rain season.
The dependence of the insolation on a tilted surface for these cities is fitted as a quadratic function, Equation 17, using Microsoft Excel. The values of the coefficients, c i , of Equation (17), are tabulated in Tables (A1) and (A2) of the Appendix; they are useful for determining the monthly, seasonal and yearly optimum tilt angles, * s , Equation (18) by the calculus method (using Equation 16 ). The results obtained from the monthly, seasonal and yearly analysis for the eight Nigerian cities considered showed that the optimum tilt angle varies with latitude of the location, Tables (2) and (3). The monthly optimum tilt angles, Table ( 2), produce the largest annual cumulative insulation; this is followed by the seasonal optimum tilt angles, Table ( 3). That is, by varying the tilt angle of the fixed flat plate collector every month to their monthly optimum angle, the solar energy collected per year will be more than that collected per year when the tilt angle of the collector is changed twice (seasonally) a year to their seasonal optimum. Of course, the least solar energy harvest is realised when the collector tilt angle is permanently fixed to their yearly optimum angle. Table ( 3) also compares the seasonal and yearly optimum tilt angles and their corresponding values of insolation obtained in this work with those of Wenger and Oliveira [13] , and Fagbenle [14] . It is seen that the results obtained in this work are better, and thus, the optimum tilt angle for a specified low latitude is neither equal to the latitude of the location nor equal to the latitude plus 10 o as suggested by Wenger and Oliveira [13] , and Fagbenle [14] , respectively, Equations (2a) and (2b). However, the deviation of the optimum tilt angles from the latitudes of the locations considered in the present work is approximately ±2 o .
Mathematical expressions correlating the optimum tilt angle with latitude are presented in Tables (4) and (5) for the monthly, and seasonal and yearly cases, respectively. This facilitates the prediction of the optimum tilt angles (monthly, seasonal and yearly) for any location within the range of low latitudes covered in this work.
CONCLUSION
The monthly, seasonal and yearly optimum flat plate solar collector tilt angles for low latitudes, 4.86- 13.02 o N, have been presented in this work. Graphical and tabular data were generated, and polynomial expressions correlating the optimum tilt angle with the latitude were presented. The results, which have been shown to be better than those in the literature, will be particularly useful to the low-latitude solar equipment design engineers. Similar approach can be adopted for obtaining the optimum tilt angles for latitudes outside the range considered in this work.
